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OBJECTIVES The purpose of this study was to develop a transesophageal probe that: 1) enables on-line
representation of the spatial structures of the heart, and 2) enables navigation of medical
instruments.
BACKGROUND Whereas transthoracic real-time 3-dimensional (3D) echocardiography could recently be
implemented, there is still no corresponding transesophageal system. Transesophageal
real-time 3D echocardiography would have great potential for numerous clinical applications,
such as navigation of catheters.
METHODS The newly developed real-time 3D system is based on a transesophageal probe in which
multiple transducers are arranged in an interlaced pattern on a rotating cylinder. This enables
continuous recording of a large echo volume of 70 mm in length and a sector angle of 120°.
The presentation of the volume-reconstructed data is made with a time lag of 100 ms. The
frame rate is up to 20 Hz. In addition to conventional imaging, the observer can obtain a
stereoscopic image of the structures examined with red/blue goggles.
RESULTS It was shown in vitro on ventricle- and aorta-form agar models and in vivo that the system
enables excellent visualization of the 3D structures. Shape, spatial orientation, and the
navigation of various catheters (e.g., EPS-catheter, Swan-Ganz-catheter), stents, or atrial
septal defect occluders could be recorded on-line and stereoscopically depicted. The size of
the echo sector enables a wide field of view without changing the position of the probe.
CONCLUSIONS Transesophageal real-time 3D echocardiography can be technically realized with the system
presented here. The in vitro and in vivo studies show particularly the potential for navigation
in the heart and large vessels on the basis of stereoscopic images. (J Am Coll Cardiol 2006;
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.08.01348:2070–6) © 2006 by the American College of Cardiology Foundation
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although transthoracic real-time 3-dimensional (3D) echo-
ardiography can be realized (1,2), there is still no corre-
ponding transesophageal system for examination of the
eart. It can be expected that transesophageal access will
ead to a superior real-time 3D imaging of atria and valves
s well as segments of the large vessels close to the heart.
The objective of this project was development of a
ransesophageal echocardiography (TEE) probe that: 1)
nables on-line representation of the spatial structures of the
eart and large vessels, and 2) enables navigation of medical
nstruments on the basis of stereoscopic images. We are
resenting the technical principles of data acquisition and
resentation, the image quality of the new system was tested
y in vitro and in vivo studies.
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D-System.e
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he core of the transesophageal real-time 3D echocardiog-
aphy (RT3D-TEE) system is a newly designed semi-
echanical transesophageal probe (Sulzer Innotec,
interthur, Switzerland). Its special design allows for rapid
maging of large volumes of interest, thanks to the use of
arallel scanning techniques.
The RT3D-TEE probe consists of a cylinder with 24
ransducers (Fig. 1), which rotates in a protective hull filled
ith oil.
The system uses 5-MHz center frequency; the active
perture of each transducer measures 8 mm. The transduc-
rs are arranged in 3 linear groups on 3 sides of the cylinder.
he 3 groups are rotated 120° with respect to each other,
nd in axial direction, they are dislocated relative to each
ther by 1/3 of the transducer spacing. With this arrange-
ent, 8 planes can be recorded simultaneously in a 120°
ector. By completing 1 revolution, 24 planes are recorded.
wedge-like region of 120° and 72 mm in height is
cquired in this way with a frame rate corresponding to the
umber of revolutions/s (i.e., 15 to 20 frames/s). An
dvantage of this design is the fact that the individual sound
lements are well spaced apart and therefore well acousti-
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etween adjacent tissue slices when applying parallel scan-
ing techniques.
The diameter of the round probe tip, including the
rotective sheath, is 14 mm. The cross-sectional area is thus
nly slightly larger than the cross-sectional area of commer-
ial 2-dimensional (2D) TEE probes, which have a tip
ross-section of about 10  14 mm. However, the trans-
ucer is nearly 8 cm long, which results in greater rigidity
nd potentially more difficult intubation of the esophagus.
he flexibility of the probe tip is provided by 2 joints to
acilitate insertion of the probe in vivo. Thus, the tip of the
robe is divided into 3 segments; the middle segment is
cm long, and the proximal and distal segments are 2 cm
ach. Straightening of the probe occurs automatically,
wing to the rotational forces, resulting finally in an echo
ector with exactly parallel echo planes.
afety considerations. The torque of the rotating probe is
imited to a low level by means of a mechanical system. This
hould prevent injury to the epithelium, even if the protec-
ive sheath should break. Moreover, the sheath is filled with
ontoxic oil in case there should be a leak. There is slight
arming of the probe of about 2°C due to the rotation.
eating to more than 41°C is prevented by sensors.
The probe is rotated by a flexible drive shaft. The
ltrasonic signals are supplied via a rotating coupling from
n electronic unit, consisting of the transmitter/receiver and
igitizer module. The digitized data are then sent to a
eneric PC, equipped with a powerful graphics engine. The
onversion from the raw ultrasonic data stream into a series
Abbreviations and Acronyms
3D  3-dimensional
ASD  atrial septal defect
RT3DE  real-time 3D echocardiography
RT3D-TEE  transesophageal real-time 3D
echocardiography
TEE  transesophageal echocardiography
igure 1. (Left) Principle of the transesophageal real-time three-dimension
n a rotating cylinder. In axial direction, the groups are dislocated by one
ecorded/rotation. The frame rate is defined by the number of rotations of
ransesophageal echocardiography probe.f stereoscopic images is almost entirely carried out by the
raphics engine. An advanced volume-rendering algorithm
an generate 20 stereoscopic frames per second. The novel
endering procedure operates in the original cylindrical
oordinate system that the data are scanned in. With the
elp of red/blue goggles, the observer obtains true 3D
nsight, seeing the tissue structure as well as the instrument
o be guided.
Agar models of the left ventricle, the aorta, and septum
efects were prepared for the in vitro studies. The models
ere examined in a water tank in which the TEE probe was
rmly mounted to a frame. With various medical instru-
ents (EPS-catheter, Biotronik, Berlin, Germany; Swan-
anz catheter, B. Braun AG, Melsungen, Germany; Am-
latz occluder, AGA Medical Corporation, Golden Valley,
innesota; impeller pump; aortic stent graft), an examina-
ion was carried out to determine whether these could be
isualized precisely enough with the system and whether the
emporal image resolution enables navigation. Dynamic
hanges of a balloon model were examined in an artificial,
ulsatile circulation.
In vivo examinations were made in 1 human subject
U.M.). Local anesthesia with xylocaine-spray was applied
o the pharynx. Xylocaine gel was used to lubricate the
robe. The probe could be introduced without sedation in
2 min. The examination lasted a total of about 10 min. Six
ata sets, each 45 s long, were stored on the system memory.
The authors had full access to the data and take respon-
ibility for its integrity. All authors have read and agree to
he manuscript as written.
ESULTS
n vitro studies. The RT3D-TEE-System enables excel-
ent spatial imaging of the models of ventricle and aorta
Fig. 2). Thanks to the large echo sector, even large objects
ike the ventricle model could be completely imaged without
oving the probe. Moreover, the large echo sector facili-
ates the navigation of instruments: as seen in Figure 3, large
tem. Three groups of 8 transducers each are mounted at an interval of 120°
of the transducer spacing relative to one another. Thus 24 sections can beal sys
thirdthe cylinder per second (maximum 20 Hz). (Right) Prototype of the
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Transesophageal Real-Time 3D Echocardiography November 21, 2006:2070–6egments of the catheter of an Amplatz occluder could be
maged; the structures of the occluder are excellently re-
olved (Figs. 3A and 3B, Video 1 [see Appendix]). Figure
C shows the RT3D-TEE image of an “atrial septal defect”
ASD) before implantation of an Amplatz occluder. After
mplantation (Videos 2 and 3 [see Appendix]), it is easy to
ee how the occluder closes the defect (Fig. 3D). Instru-
igure 2. (Left) Agar models of the left ventricle and the aorta. The spatia
chocardiography reconstruction (middle and right).
igure 3. (A) Transesophageal real-time 3-dimensional echocardiography
ccluder after opening of both discs. (C) Three-dimensional reconstruction of
losure of the defect with the Amplatz occluder.ents smaller than an Amplatz occluder were also imaged
n size, position, and structure. Figure 4 (Video 4 [see
ppendix]) shows an 8-pole EPS-catheter in the ventricle,
nd even the individual poles of the catheter are imaged. In
igure 5 (Video 5 [see Appendix]), a Swan-Ganz catheter
ith inflated balloon is placed in the ventricle model.
igure 6 (Video 6 [see Appendix]) illustrates that not only
ture is excellently depicted in the transesophageal real-time 3-dimensional
tion of an Amplatz occluder after opening of the first disc. (B) Amplatzl strucdepic
the model of an atrial septum defect. (D) Three-dimensional image after
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November 21, 2006:2070–6 Transesophageal Real-Time 3D Echocardiographyhe position of the aortic stent in the vessel model but
lso the thin stent struts can be imaged. Figure 7 (Video
[see Appendix]) shows an impeller pump in the
entricle. In addition to the conventional image, a red/
lue presentation can be selected with the RT3DE
ystem. With red/blue goggles, the observer obtains a
tereoscopic image that facilitates navigation in space.
he temporal resolution of 15 to 20 Hz enables adequate
maging of cyclic changes. Video 8 (see Appendix) shows the
iastolic and systolic phase of a balloon model in the artificial,
ulsatile circulation.
n vivo studies. Figure 8A (Video 9 [see Appendix]) shows
single cut plane of a 3D data set. Fine structures like the
trial septum, leaflets of the mitral valve, and the cusps of
he aortic valve are also spatially well resolved. The volume-
endered images show the spatial structures of the heart in
D presentation (Fig. 8B, Video 10 [see Appendix]). The
est image quality was attained in the atria, at the level of
igure 4. Depiction of an 8-pole EPS-catheter in the ventricle model. The
osition of the catheter is clearly visualized. Thanks to the good image
esolution of the transesophageal real-time 3-dimensional echocardiogra-
hy system, even individual poles can be differentiated.t
igure 5. Ventricle model with inflated balloon (white arrows) of a
wan-Ganz catheter (yellow arrows).he cardiac valves and the basal segments of the ventricles
Figs. 8C and 8D). The temporal resolution of the system
nables imaging of dynamic changes during the cardiac
ycle (Video 11 [see Appendix]).
ISCUSSION
echnical development of 3D echocardiography to date. This
maging procedure has been developed in several steps since
he initial development of 3D echocardiography (“Echo-
T”) (3) in the late 1980s. The broadest use of data
cquisition initially involved the rotation procedure on the
asis of commercial multiplane TEE-transducers (4). Later,
ransthoracic data acquisition with the rotation procedure
5) or the freehand technique (6) were also realized. The
imited image resolution of these procedures have been
learly improved by recent developments (7,8). The decisive
isadvantage of these procedures, however, remains that
ata acquisition and presentation are not done in real-time.
The introduction of the first phased-array real-time
olumetric 3D imaging system (Duke University, Durham,
orth Carolina) enabled transthoracic real-time acquisition
f 3D echocardiographic data sets (9). A breakthrough in
he area of transthoracic real-time 3D echocardiography was
chieved with the so-called “Live-3D” (Sonos 7500, Philips,
ndover, Massachusetts) (1,2). In addition to transthoracic
eal-time acquisition, simultaneous presentation of perspec-
ive images became possible; the spatial image resolution
as considerably improved.
T3D-TEE. In the present study, a system for RT3D-
EE could be realized on the basis of parallel scanning
echnique. The initial in vitro examinations on models of
he left ventricle and aorta as well as initial human in vivo
xaminations show that the system enables excellent imag-
ng of 3D structures. Like transesophageal 2D echocardi-
graphy, RT3D-TEE also delivers the best image quality in
igure 6. Three-dimensional reconstruction of an aortic stent in the model
orta with excellent resolution of the stent struts. The equipment setting in
his example results in a transparent image of the aorta model so that the
osition and structure of the stent can be recorded in detail.he atria, the mitral and aortic valves, and the basal segments
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Transesophageal Real-Time 3D Echocardiography November 21, 2006:2070–6igure 7. Impeller pump in the ventricle model. The transesophageal real-time 3-dimensional (3D) echocardiography system enables 2 different types of
resentation. (Left) Conventional presentation. (Right) By using stereoscopic goggles, the observer obtains a stereoscopic presentation of the structures
xamined. The objective of this presentation mode is to facilitate 3D navigation.igure 8. (A) Individual cut plane of the 3-dimensional (3D) data set (5-chamber view). Fine structures like the atrial septum, leaflets of the mitral valve
MV), and cusps of the aortic valve (AV) are spatially well resolved. The 3D data set comprises multiple parallel cut planes. (B) Left oblique view of
entricles and atria. Interatrial (IAS) and interventricular septum (IVS) can be recognized as well as the free wall of the right atrium (RA) and right ventricle
RV). The MV is closed; the view is directed toward the left ventricular outflow tract. (C) View through the opened AV. Further, the view passes through
he RA to the IAS. The closed MV can be seen in the anterior area of the left atrium (LA). (D) Top view of the atria, the atrioventricular valves, and the
V. The view passes through the LA to the IAS. Anterior and posterior mitral leaflets are visible. The fine edges of the cusps are well-resolved in the area
f the AV; the sinus of Valsalva are visible in the 3D image. LV  left ventricle; TV  tricuspid valve.
o
t
o
T
t
T
w
a
i
p
c
f
p
t
(
s
t
r
a
d
a
r
p
e
g
g
o
s
s
P
T
m
l
R
l
a
c
e
s
t
i
o
a
e
c
i
t
o
n
t
b
m
s
f
s
n
C
s
t
s
d
c
n
i
e
R
U
4
R
1
1
1
1
1
1
2075JACC Vol. 48, No. 10, 2006 Handke et al.
November 21, 2006:2070–6 Transesophageal Real-Time 3D Echocardiographyf the ventricles. Furthermore, we were able to demonstrate
hat the spatial image resolution is sufficient to depict details
f various instruments, like catheters, stents, or occluders.
ransducers with higher frequencies could be used in future
o further improve the structural resolution in the near field.
he reduced signal/noise ratio of more distant structures
ould probably be acceptable, because high-resolution im-
ging of the apical segments of the ventricles is less
mportant for the potential clinical applications. The tem-
oral resolution of 15 to 20 Hz enables imaging of cyclic
hanges as well as on-line navigation of catheters. The
rame rate—that is defined by the rotation speed of the
robe tip—must, however, be increased for certain ques-
ions, such as the quantitative analysis of valve dynamics
7,8). A particular advantage of the system presented is the
ize of the echo volume. The current transthoracic RT3DE
echnique still requires fusion of several sector images to
ecord the left ventricle, owing to the small sector. In
ddition to the usual depiction of volume-reconstructed
ata on the 2D screen, the system was extended by an
lternative visualization mode. The examiner can select a
ed/blue presentation that, with the appropriate goggles,
rovides a stereoscopic visualization of the object being
xamined. This mode creates optimal conditions for navi-
ation in 3D space. In clinical applications, the use of such
oggles could, however, be a problem, because the visibility
f other monitors would be impaired. Meanwhile, however,
tereo-monitors are available that enable stereoscopic pre-
entation without requiring special goggles.
erspectives and clinical implications of RT3D-TEE.
ransesophageal 3D echocardiography thus far has had the
ajor disadvantage that reconstruction was performed off-
ine. It was thus used mostly for scientific investigations. An
T3D-TEE system with good spatial and temporal reso-
ution, however, has great potential for numerous clinical
pplications. This applies both for already-established pro-
edures and for new ones currently under development. For
xample, navigation of the catheter for electrophysiological
tudies has been performed thus far with fluoroscopy. On
he one hand, the examiner only obtains a 2D summation
mage of the cardiac structures in this procedure. On the
ther hand, procedures like the ablation of atrial fibrillation
re accompanied by extensive radiation (10,11). Trans-
sophageal real-time 3D echocardiography could thus be-
ome an important supplement to imaging in electrophys-
ology. It would also be a valuable procedure for controlling
he intervention in percutaneous implantations of ASD
ccluders or cardiac valves (12–14). The development of
ew surgical procedures in the future should enable opera-
ions like ASD occlusion or mitral valve repair on the
eating heart under 3D echocardiographic control. Sue-
atsu et al. (15–18) have demonstrated the feasibility of
uch procedures in their latest studies, whereby they per-
ormed the studies on the model with transthoracic RT3DE
ystems. As the authors noted, RT3D-TEE would be
ecessary for clinical applications.onclusions. This initial in vitro and human in vivo study
hows that RT3DE can be technically achieved not only
ransthoracic but also on the basis of a transesophageal
ystem. The spatial image resolution enables high-quality
isplay of 3D structures. Medical instruments such as
atheters, occlusion systems, or stents can be imaged and
avigated on-line. Thus, RT3D-TEE could become an
mportant supplementary imaging procedure, because it
nables improved navigation without radiation load.
eprint requests and correspondence: Dr. Michael Handke,
niversity Hospital Basel, Department of Cardiology, Petersgraben 4,
031 Basel, Switzerland. E-mail: MHandke@uhbs.ch.
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PPENDIX
or accompanying videos, please see the online version of
his article.
